
/

___.,-

RADIATION TRANSMISSION PROPERTIES OF IN-SITU MATERIALS

L. Heilbronn _*, L.W. Townsend 2, F. Cucinotta -_,M.Y. Kim 4, J. MilleP, R. Singleterry 4, S.

ThibeaulP, J. Wilson 4, and C.J. Zeitlin _

_Lawrence Berkeley National Laboratory

2Department of Nuclear Engineering, University of Tennessee

3NASA, Johnson Space Center

4NASA, Langley Research Center

INTRODUCTION

The development of a permanent human presence in space is a key element of NASA's strategic

plan for the Human Exploration and Development of Space (HEDS). The habitation of the

International Space Station (ISS) is one near-term HEDS objective; the exploration and settlement

of the moon and Mars are long-term goals of that plan. Achieving these goals requires maintaining

the health and safety of personnel involved in such space operations at a high level, while at the

same time reducing the cost of those operations to a reasonable level.

Among the limiting factors to prolonged human space operations are the health risks l¥om exposure

to the space ionizing radiation environment. In order to keep the risk of radiation-induced cancer at

acceptable levels, it is necessary to provide adequate shielding from the ionizing radiation environ-

ment. The cost of transporting shielding materials to the moon or Mars is prohibitive. One cost-

effective method of providing adequate shielding in those environments is to utilize local, in-situ

materials. Simple techniques may involve covering a transported habitat with local regolith, or

using water found on Mars (and recently found on the moon) to augment shielding. Novel shield-

ing techniques are being developed which combine local regolith with resin binders to construct

structural materials for use in the building of habitats. The presence of water and a carbon dioxide

atmosphere on Mars holds some promise as building blocks in the manufacturing of resin binders.

As the mass of shielding increases, radiation dose decreases. However, as the shielding mass

increases, calculations predict (1-3) that the percentage of the dose from neutrons increases, due in

part to the high penetrabilities of neutrons. For moderately thick (40 - 50 g/cm 2) shields on lunar

and Martian bases, approximately 50% or more of the dose could come from neutrons. A recent

workshop (4) conducted at the Johnson Space Center concluded that the dose from neutrons in the

ISS could comprise 30 to 60 percent of the total dose. As evident from these predictions, the

production of neutrons is an important consideration in the design and development of shielding to
be used in various mission scenarios.

Because of the relatively short lifetimes of free neutrons, they are not present in space radiation.

Essentially all neutrons in the radiation field are secondary neutrons produced by interactions of

primary trapped, Galactic Cosmic Ray (GCR) and Solar Particle Event (SPE) particles in shielding

materials and human tissue. The spectrum of primary particles covers a mass range from protons to

Corresponding author 295



iron,andcoversarangein energyfrom 50MeV/nucleonto energiesof a fewTeV/nucleon.As
such,theability of anycalculationto accuratelypredictthedosefromneutronsdependsonthat
calculation'sability to accuratelymodeltheproductionandtransportof neutronsgeneratedfrom an
enormousrangeof interactions.Developmentandverificationof modelcalculationsdependupon
arelevantexperimentaldatabaseof neutron-productioncrosssections,neutron-interactioncross
sections,andthick-targetneutronyields.

Muchof theexperimentaldatabaseneededfor thedevelopmentof radiationtransportmodels
comesfromexperimentsconductedatground-basedparticleaccelerators.Particleacceleratorsdo
notproducebeamsthatsimulatetheentireGCRor SPEspectrumatanyonetime;however,they
producebeamsof GCR-likeparticleswherethemass,charge,energy,direction,andnumberof
particlesinteractingin thetargetisknownto ahighdegreeof precisionandaccuracy.Ground-
basedexperimentsthatmeasuresecondaryneutronproductionprovidehighlydetailedinformation
in regardsto neutronspectraovera largerangein neutronenergyandangle.Becauseof these
features,thedataresultingfrom suchexperimentsareusedto examinethedetailsof physical
processesof neutronproduction(suchasnucleonevaporationfromtargetandprojectileremnants,
breakupof theoverlapregionbetweenprojectileandtarget,andfinal-stateinteractions)which
mustbeincorporatedbytransportmodels.Thesedata,then,areof critical importanceto the
developmentof modelsthatwill ultimatelybeusedto predictrisk incomplexradiationandshield-
ingenvironmentsin space.

Theground-basedexperimentsthatarerelevanttoneutrontransportcanbedividedinto three
categories:neutron-productioncross-sectionmeasurements,thick-targetneutron-yieldmeasure-
ments,andneutron-interactioncross-sectionmeasurements.Cross-sectionexperimentsmeasure
neutronspectracreatedby aprojectileatonespecificenergy,with nocontributionsfrom secondary
interactionsin thetarget.As statedabove,cross-sectionmeasurementsprovideinformationonthe
detailsof thephysicalprocessesthatproduceneutronsinprojectile-targetinteractions.Thick-target
measurementsreferto experimentswherethetargetis thickenoughsuchthatsecondaryinterac-
tionsproduceameasurableeffecton theneutronyieldoutsidethetarget. Secondaryinteractions
includebothneutronproductionfrom secondariesinteractingwith targetnucleiandneutron-flux
attenuationdueto neutroninteractionswith targetnuclei. In additiontotheeffectof secondary
interactions,thick-targetmeasurementsalsosampleprimaryprojectile-targetinteractionsovera
largerangeof projectileenergies,asopposedto interactionsatoneenergyincrosssectionmea-
surements.

Theresearchpresentedhereisatheoreticalandground-basedexperimentalstudyof neutron
productionfrom interactionsof GCR-likeparticlesinvariousshieldingcomponents.An emphasis
is placedhereon researchthatwill aidin thedevelopmentof in-situ resource utilization. The

primary goal of the program is to develop an accurate neutron-production model that is relevant to

the NASA HEDS program of designing technologies that will be used in the development of

effective shielding countermeasures. A secondary goal of the program is the development of an

experimental data base of neutron production cross sections and thick-target yields which will aid

model development.
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I. Model Development

Comparisons of proton-induced neutron yields and cross sections with High Energy Transport

Code (HETC) (5) and Bertini (6) intranuclear cascade model calculations have been made over a

wide variety of systems (7-12) with incident proton energies similar to those found in space.

Generally, the HETC and Bertini calculations do a good job of matching spectral shapes, and do

an excellent job of reproducing the magnitudes of the cross sections for interactions with very

heavy elements (W, Pb, U). However, the agreement deteriorates for lighter nuclei, where the

calculations overestimate the production by a factor of two for low-energy (E - 20 MeV) neutrons

(10). For all targets, HETC underestimates the yields at large angles for neutrons above 10 MeV,

and underestimates the high-energy yield (above 100 MeV) at forward angles. Note that these

observations were made on calculations using the version of HETC that was available between

1989 and 1993. No comparisons with that datahave been made with later versions of HETC, and

those comparisons may be worth investigating. Zucker, et al., report (13) that LAHET calculations

(which they report are similar to the 1996 version of HETC) of their 800-, 1000-, 1200-, and 1400-

MeV data sets overestimate the data by 10 to 20 percent.

Boltzmann-Uehling-Uhlenbeck (BUU) calculations have been compared with thick-target neutron

yields (14). The BUU calculations do a good job of fitting the data at large angles, both in magni-

tude and shape. However, at forward angles the BUU calculations either over-predict or under-

predict the yield, depending on the angle. This may be due in part to the fact that forward-angle

spectra from BUU calculations are sensitive to the cutoffdensity used to determine whether or not

a particle has been emitted. Even though the BUU calculation misses the magnitude of the for-

ward angle spectra, it does a fairly good job in reproducing the shape of those spectra. In compar-

ing calculations with thick-target yields, any discrepancy between data and calculation does not

necessarily indicate a problem with the calculated cross sections used as input because the problem

may lay with the methodology used in applying those cross sections to produce thick-target yields.

BUU and intranuclear cascade model calculations have varying degrees of success in matching

experimental data. The discrepancies between those models and data may suggest that uncertain-

ties may still be large (on the order of 50%) when calculations are made of the neutron fluence

behind shielding and tissue in space-related activities. Much of that uncertainty is due to the lack

of relevant nuclear data to compare to, but it is also clear that improvements can be made in model-

ing neutron production. The neutron production model under development in this work is based

on an abrasion-ablation fragmentation model (15,16). In the abrasion (knockout) step, the portions

of the projectile and target nuclear volumes that overlap are sheared away by the collision. The

remaining projectile piece, moving at velocities essentially the same as the pre-collision velocity, is

highly excited and decays by gamma and particle emission. This step is called the ablation stage.

Improvements to the existing model will include the decay of the overlap region and the decay of

the target remnant.

II. Experimental Neutron Data (Ground-Based)

A variety of neutron cross-sections and thick-target yields have been measured from systems

applicable to the general problem of radiation transport in space-related activities (see Ref. [4] and

references contained therein). The data includes thick-target neutron yields measured from heavy-

ion reactions in this project (14,17).
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To get an idea of the neutron energies that may be important to consider in terms of crew risk

assessment, the neutron yields reported (8) for 256-MeV protons stopping in AI (20-cm long, 54 g/

cm 2) have been integrated over the angular range from 30 to 150 degrees. Table I lists the percent-

age of the total flux (above 0.5 MeV) contained within a specific range of neutron energy for

several ranges of energy, along with the percentage of total dose-equivalent. Roughly half of the

neutron flux (51%) is below 5 MeV, with 29% of the flux above 20 MeV. However, when consid-

ering the dose equivalent, the percentages shift towards higher neutron energies; roughly half

(52%) of the dose equivalent is above 20 MeV. This evaluation most likely underestimates the

relative importance of neutrons above 20 MeV in space environments because (1) data below 30

degrees, where much of the high-energy neutron flux is contained, is not considered, and (2)

although 256 MeV is near the peak of the GCR proton energy distribution, the majority of the

GCR proton flux is above 256 MeV. Proton interactions at higher energies will increase the yield

of high-energy neutrons relative to the low-energy yield.

Table 1. Percentages of the total neutron flux and total neutron dose equivalent from 256-MeV

protons stopping in A1, for the ranges of neutron energy.

Energy

range

(MeV)
0.5- 1

1-5

5- 10

10 - 20

20 - 50

%

Neutron

flux

% Dose-

equivalent

13% 6%

38% 28%

13% 9%

7% 5%

9% 12%

50- 100 13% 25%

100 - 200 6% 13%

>200 1% 2%

An analysis of the heavy-ion data suggests that the neutron multiplicity from interactions in one

system can be deduced from the measured multiplicity in another system (at the same projectile

energy per nucleon) using the following relationship:

M (systeml,T>T o) cr(s3'stem2) x( (Afg°)'/3 + (AP_gi')'/3)a_r)
M (system2,T>T o) = cr(systeml) \ (A g,2)'/3 + (Ap_oj2) '/3

where M(systeml ,T>T 0) and M(system2,T>T 0) are the neutron multiplicities of system 1 and

system 2, T is kinetic energy, T Ois the neutron energy threshold, _(systeml) and o(system2) are the

total reaction cross sections for systems 1 and 2, Atgtl and AprojIare the target and projectile mass

numbers in system 1, Atgt2 and Aproj2are the target and projectile mass numbers in system 2, and

a(To) is a parameter from Reference (18). This formalism seems to work well with both neutron
cross-section measurements and with thick-target yields in heavy-ion systems. Studies are cur-

rently being made to see whether this formalism can be used to reproduce the multiplicities from

proton-induced interactions, using the data recently acquired from Meier 7-12.
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In April 2000,neutron-productioncross-sectionmeasurementsweremadefrom290MeV/nucleon
C and600MeV/nucleonNeinteractionsin prototypeof anin-situ shielding block developed by

NASA Langley Research Center. In addition, neutron cross sections from 400 MeV/nucleon Ne

interacting in ISS crew quarter wall materials were also measured. Additional measurements of

290 MeV/nucleon Ne, 400 MeV/nucleon At, and 650 MeV/nucleon Ar interactions in in-situ

materials are planned for late 2000 or early 2001.
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